Using porous microcarrier Cytopore and a low-serum medium supplement BIGBEF-3, we have successfully cultivated recombinant CHO cell line CL-11G producing prourokinase and hybridomas producing anti-prourokinase monoclonal antibody in Celligen 1.5 or 5 L bioreactor. The cell density obtained ranged from 1 to 2 × 10 7 cells mL −1 . The yields of prourokinase and monoclonal antibody increased with increasing cell density. As the cells could spontaneously release from and reattach to porous microcarriers, it was very easy to scale-up the cultivation. Thus the bead to bead cell transfer method has been used to scale up the cultivation of CL-11G cells to a 20 L reactor-scale for the pilot production of prourokinase, and also to scale-up the culture of hybridomas for the production of monoclonal antibody for the purification of prourokinase.
Introduction
The development of microcarrier culture by van Wezel in 1967 (Van Wezel, 1967 rendered the large-scale industrial culture of anchorage dependent cells possible for the production of vaccine and interferon. In 1980s, a great advance of this procedure was achieved by the development of a series of porous microcarriers (Lobby, 1990; Gotoh, 1993; Shirokaze, 1994) . In a previous paper we reported that using porous microcarrier Cytopore, we successfully cultivated a genetically-engineered CHO cell line and some hybridomas to produce pro-UK and McAB (Xiao, 1996) . This paper reports on our successful results in using the bead to bead cell transfer method to scale up the cultivation of both the CHO cells and hybridomas for the pilot production of pro-UK and McAB.
Materials and methods

Cell lines and media
The cell lines used were the genetically-engineered CHO cell line CL-11G producing prourokinase (Li, 1993) and the hybridoma cell lines X15 and 38-1-7 producing anti-prourokinase monoclonal antibody (McAB) (Ai, 1995) . The medium for CL-11G cells was DMEM:F12 (1:1), supplemented with some amino acids, the low-serum medium supplement BIGBEF-3 (Xiao, 1996) , as well as with 1% NCS, 1 µmol MTX, 10 KIU mL −1 aprotinin and antibiotics (50 µg mL −1 kanamycin, 2 µg mL −1 gentamycin and 25 µg mL −1 streptomycin). The medium for hybridomas was RPMI 1640, supplemented with 1% NCS and 0.1% peptone.
Porous microcarrier
The dry Cytopore microcarriers (Pharmacia Co., Sweden) were hydrated and swollen in PBS before culti- vation. After autoclaving at 121 • C for 20 min, the supernatant was removed and the microcarriers were once or twice washed with culture medium.
Culture vessels
For preliminary tests, a spinner flask (Wheaton Co., U.S.A.) was used. The stirring rate was 30-40 rpm. Then a 1.5 or 5 L Celligen bioreactor (NBS Co., U.S.A.) equipped with a modified perfusion controller (Xiao, 1994a) and a Biostat UC 20 L bioreactor (B. Braun Co., Germany) equipped with a spin filter were used.
Cell counting
The citric acid-crystal violet method was used to count cells in porous microcarriers. In order to avoid that a part of cells remained in pores, the carriers were incubated for 4-5 hr and shaken several times during incubation. At the same time, the MTT (Jia, 1993) method was also used to confirm the growth of cells inside the microcarriers.
Glucose, pro-UK and McAB assay
The methods used for measuring glucose and pro-UK were the same as those mentioned in reference (Xiao, 1994c ). An ELISA assay was used for measuring the McAB concentration (Ai, 1995) . 
Results
The culture of CL-11G cells and hybridomas in spinner flasks
By using a Cytopore concentration of 2.5 mg mL −1 , and by exchanging the medium once or twice each day, the cell density of both, the CL-11G and the hybridomas, could exceed 1 × 10 7 cells mL −1 (Figure 1 ). The pro-UK and McAB yields increased with increasing cell density.
Cells transfer from beads to beads
Just like for the cultures with Biosilon (Xiao, 1994c) and MC-1 (Xiao, 1994b) microcarriers, CL-11G cells could detach from Cytopore porous microcarriers spontaneously and reattach to fresh ones. So it was very easy to scale up the cultivation as reported by Kamiya (1995) . When a scale up ratio of 3 was chosen, as shown in Figure 2 , at day 18 we withdrew 2/3 of culture from a spinner flask (200 mL) and added the same volume of fresh medium and new microcarriers to the residual 1/3. At day 28 the whole 200 mL culture was transferred to a larger flask containing 500 mL of fresh medium and new microcarriers. At each time the final cell density could exceed 1 × 10 7 cells mL −1 (Figures 2 and 3) .
Scale-up of a CL-11G cell cultivation from a spinner flask (700 mL) to the Celligen 5 L bioreactor scale
When we transferred the culture from Wheaton spinner flask to a Celligen 5 L bioreactor containing about 15 g Cytopore new microcarriers (end concentration was 4.5 mg mL −1 ), the initial cell density was 1.06 × 10 6 cells mL −1 . After 43 days of cultivation the cells density reached 2.06 × 10 7 cells mL −1 , and the highest yield of proUK reached was 7822.6 IU mL −1 . At this time the volumetric productivity was 86 mg (L d) −1 . During the next 44 days of cultivation, we withdrew a part of the culture (about 50 to 90%) at the 44th, 52nd, 66th and 81st days, for inoculating into another bioreactor or to scale-up the culture to 20 L, by adding the same amount of vacant microcarriers. Each time except for the last time when we ended our experiment, the cell density reached was always about 2 × 10 7 cells mL −1 (Figure 4) .
Scale-up cultivation of CL-11G cells from 5 to 20 L bioreactor
When we used the bead to bead cell transfer method to scale up the cultivation of CL-11G cells from the Celligen bioreactor (5 L) to the Biostat UC 20 L bioreactor, and even when we scaled up by a factor of more than 20, the cell density reached was 1.33 × 10 7 cells mL −1 , the highest yield of pro-UK was 7358 IU mL −1 (Figure 5) , and the highest volumetric productivity was 62.3 mg (L d) −1 .
Scale-up cultivation of hybridomas from Wheaton spinner flask to 1.5 L bioreactor
By using the same method we also successfully scaled up the cultivation of hybridomas from Wheaton spinner flask scale (700 mL) to the Celligen 1.5 L bioreactor scale. The cell density and the titer of McAB reached were 1.28 × 10 7 mL −1 and 6.14 × 10 5 mL −1 , respectively (Figure 6 ). Using this McAB for affinity chromatography, we could purify the pro-UK to a purity exceeding 95% by HPLC assay with a specific activity of 1.3 × 10 5 IUmg −1 (reported elsewhere).
Discussion
Since Nilsson (1986) first developed a new type of microcarrier with a porous internal structure, a variety of porous microcarriers are commercially available (Gotoh, 1993) . These porous carrier systems possess most characteristics of an ideal cell culture support (Looby, 1990) . In a previous paper, we demonstrated that porous microcarriers have a lot of advantages when compared to solid microcarriers: 1) The concentration of carriers in the culture is much lower. In order to get a cell density of more than 1 × 10 7 mL −1 , about 10 g L −1 of sephadex microcarriers (such as MC-1, Cytodex-1), and over 50 g L −1 of polystyrene microcarriers (such as SH-2, Biosilon) are needed. However, only 2-3 g L −1 of Cytopore porous microcarriers are necessary. The reason is obvious that their porosity increases dramatically the surface area for cell attachment. The surface area of Cytopore is 2.8 m 2 g −1 , while that of Cytodex and Biosilon is only 6000 cm 2 g −1 and 225 cm 2 g −1 , respectively (Reuveny, 1985) . 2) As the majority of cells grow inside the pores, they are protected against damage from shearing stress. Thus a much higher stirring speed can be used, i.e. 80-100 rpm were used in our experiments, and, of course, this is very beneficial for the transfer of O 2 and nutrients. 3) Cytopore porous microcarriers are not only suitable to culture anchorage-dependent cells such as CHO cells, but they are also suitable to culture anchorage-independent cells such as hybridomas. On the contrary, solid microcarriers are only suitable to culture anchorage-dependent cells. 4) Because the majority of the cells is located inside the pores, the concentration of suspended cells rather low. In addition, the cells cultured inside the porous microcarriers are less dependent on attachment factors, wherefore the serum concentration can be reduced. This is a very important point with respect to downstream processing. This time an another advantage is found, that the bead to bead cell transfer method can also be used for scaling up the cultivation, allowing a scale up ratio of more than 20. This means that only three steps (5, 50 and 1000 L) are necessary for scaling up our culture to 1000 L. Therefore, we consider that the use of porous microcarriers for the large-scale cultivation of genetically-engineered cells for the production of recombinant products, such as prourokinase, is a very prospective approach, and will have its place in industry.
